The involucrin gene encodes a protein of terminally differentiated keratinocytes. Its segment of repeats, which represents up to 80% of the coding region, is highly polymorphic in mouse strains derived from wild progenitors. Polymorphism includes nucleotide substitutions, but is most strikingly due to the recent addition of a variable number of repeats at a precise location within the segment of repeats. Each mouse taxon examined showed consistent and distinctive patterns of evolution of its variable region: very rapid changes in most M. m. domesticus alleles, slow changes in M. m. musculus, and complete arrest in M. spretus. We conclude that changes in the variable region are controlled by the genetic background. One of the M. m. domesticus alleles (DIK-L), which is of M. m. musculus origin, has undergone a recent repeat duplication typical of M. m. domesticus. This suggests that the genetic background controls repeat duplications through trans-acting factors. Because the repeat pattern differs in closely related murine taxa, involucrin reveals with greater sensitivity than random nucleotide substitutions the evolutionary relations of the mouse and probably of all murids.
I
NVOLUCRIN is a specific protein of terminally difphoretic analysis of the protein, but only by restriction ferentiated keratinocytes; it is a substrate of the kerafragment analysis of the genes (Simon et al. 1991 ; tinocyte transglutaminase and a precursor of the crossUrquhart and Gill 1993; Djian et al. 1995) . linked envelope (Rice and Green 1979) . In all mammalian
The involucrin gene has been sequenced in a large involucrin genes examined, about two-thirds of the codnumber of nonanthropoid mammals, including the ing region is composed of a segment of short tandem mouse and the rat Green 1988, 1990 ; Philrepeats, but the segment of repeats of anthropoid prilips et al. 1990, 1997 ; Djian and Green 1991; Djian et mates differs from that of nonanthropoid mammals. al. 1993) . In contrast to the anthropoid segment of In the transition from nonanthropoid to anthropoid repeats, that of nonanthropoid mammals generally reprimates, the segment of repeats of nonanthropoid vealed little polymorphism due to recent additions of mammals was deleted and replaced by a new segment repeats (Tseng and Green 1988; Phillips et al. 1997) . of repeats, located downstream in the coding region However, sequencing of involucrin alleles of random- (Tseng and Green 1988; Green and Djian 1992) . Only bred Swiss mice revealed the existence of extensive size the tarsioids possess repeats at both locations (Djian polymorphism, due to differences in the number of and Green 1991). The anthropoid segment of repeats repeats in different alleles. Remarkably, these differwas progressively expanded during subsequent anthroences resulted from addition of repeats targeted to only poid evolution by addition of repeats, always close to one of two classes of alleles. The absence of recombinathe 5Ј-end of the segment, which therefore expanded tion between any of the alleles examined supported in a 3Ј-to-5Ј direction (Djian and Green 1989) . Because the operation of an intra-allelic mechanism of repeat repeat addition continues in present-day humans, invoaddition (Delhomme and Djian 2000) . lucrin is polymorphic with respect to size in the human
We have now sequenced involucrin alleles of mouse population. However, because the differences in size strains derived from wild progenitors. The involucrins are small, polymorphism cannot be detected by electroof these mice are highly polymorphic with respect to size. As the nature of polymorphic alleles is different in different mouse taxa, we postulate that the process of MATERIALS AND METHODS (Table 1) . These sequences were compared to those of the six laboratory mouse alleles, which had shared by nearly all the mouse alleles examined and by (10 g) was then submitted to electrophoresis through a 1% agarose gel, transferred to charged nylon, and hybridized with the rat. Repeats of the constant region can be aligned a 32 P-labeled probe consisting of most of the mouse involucrin in the murids because they contain large numbers of segment of repeats. The resolution of the agarose gel allowed distinguishing marker nucleotides (Djian et al. 1993 whether repeats of two alleles were added in a common ancestor or were added independently. One K repeat, three N repeats, 26 ␣-repeats, and seven ␦-repeats were RESULTS found in the 22 alleles examined (Figure 4 ).
M. spretus

M. m. domesticus: Five mice, each belonging to a differThe segment of repeats of mouse involucrin alleles:
The coding region of the mouse involucrin gene conent strain, were examined; a total of six M. m. domesticus alleles were sequenced because the DIK mouse was hettains a segment of repeats, which begins with codon 82 and is followed by 73 codons, not including the stop erozygous with respect to repeat number. These alleles were highly polymorphic in size. The smallest allele codon (Djian et al. 1993 number has more than doubled between WLA and sulted from repeated duplications of a 2-repeat block composed of a type-␦ and a type-␣ repeat. Of the seven 22MO, and the size of the protein has increased from 450 to 765 residues.
␦␣ blocks present in the variable region of 22MO, six ). There is not a single nucleotide divergence between the never of blocks of 3-4 repeats, as in Swiss mice. Duplications have largely occurred independently in the various 20 orthologous repeats (A-L, N-T, and a) of DIK-S and 22MO. Therefore these alleles must have diverged strains. For instance, the pattern ␣ 13 ␣ 1 is specific to WMP and must therefore have been generated in WMP after recently. Yet, there are numerous divergences between the even more recently generated paralogous repeats its separation from the other M. m. domesticus strains; ␣ ). The two CTP alleles appear to be more closely related to DHA1 than to the other M. m. musculus alleles. CTP2 is identical to DHA1, except for the presence of (Figure 2) . We conclude that the lineage leading to SEB has been separated from the other M. spretus lineages for a period of time sufficient to generate five variant repeats.
In contrast to the constant region, the variable region of M. spretus, which is composed of eight ␣-repeats, showed only two nucleotide substitutions in the three alleles examined (Figure 2) . M. spretus is therefore in the paradoxical situation of possessing a variable region that is virtually constant and a constant region that shows some level of variability.
Laboratory mice: We had previously reported the sequences of six alleles found in four strains of laboratory mice, three of which were inbred (BALB/c, C57bl, and DBA) and one of which was random bred (Swiss). These alleles were divided into nonexpanding (A 1 -A 3 ) and expanding (A 5 -A 7 ) alleles. A 1 was found in BALB/c only; A 2 in C57bl, DBA, and Swiss; and A 3 and A 5 -A 7 in random-bred Swiss only. A 2 and A 3 were closely related; A 5 -A 7 were also closely related, but distinct from either A 1 or A 2 -A 3 (see Delhomme and Djian 2000, Figure 8 ).
None of the alleles of the laboratory mice examined were found in mice derived from wild progenitors. A 1 is related to the M. m. musculus PWK allele, with which it uniquely shares a K⌬/⌬␦ 3 repeat at the 3Ј-end of the constant region. However, A 1 possesses an M repeat that is lacking in PWK. A 2 and A 3 appear to be related to peat M was part of the ancestral mouse allele. However, since repeat M is absent from virtually all wild-derived alleles (Figure 2 ), we no longer believe that it was presan ␣ 5 -repeat in its ␣␣N␣␣␣ block, instead of ␣ 1 , and for ent in the ancestral mouse allele, which would therefore a substitution in the N repeat of the 3Ј constant region.
have been composed of 20 repeats and not 21, as pre-M. spretus: The nucleotide sequence of three M.
viously postulated (Delhomme and Djian 2000). spretus alleles (SEG, STF, and SEB), each derived from Evolution of mouse involucrin alleles: A tree summaa different strain, was determined. There was extensive rizing the origin of the mouse involucrin alleles is shown repeat sharing among the constant regions of the M.
in Figure 5 . The evolutionary tree is based on the repeats spretus alleles: seven shared variant repeats were specific of the constant and variable regions. The following evoto M. spretus (Figure 2 ). Extensive sharing of variant lution can be postulated: repeats shows that the common lineages leading to M. spretus and to M. musculus have extensively diverged.
1. The ancestor of mouse alleles consisted of the 20 The split between these two lineages must therefore be repeats of the constant region, which are shared by relatively ancient. Each M. spretus strain also contained all murids (A-L, N-T, and a). 2. The lineage leading to M. spretus diverged from the a relatively large number of unshared variant repeats. The process of repeat addition is genetically determined by trans-acting factors: Polymorphism of mouse is no size polymorphism of involucrin in M. spretus. 5. In contrast to M. spretus, the common M. musculus involucrin has resulted from additions of a varying num-ber of repeats at a specific location between repeats M or meiotic recombination. Mispairing could create loops that would be filled in by the DNA polymerases and N (the variable region). An occasional repeat has been added outside of the variable region, but this was associated with mismatch repair systems, thus leading to repeat additions. If the fidelity of these DNA polymera very rare event and it was always close to the variable region (for instance, repeat ␣ in allele A 3 or ⌬␦ 3 in A 1 ases were lower than that of the DNA polymerase used in standard DNA replication, a high frequency of substiand PWK). In the rat, new repeats have also been added between repeats M and N (Djian et al. 1993) . The site of tutions would be associated with repeat additions. A number of low-fidelity polymerases that can synthesize new repeat addition is therefore identical in all murids.
Addition of repeats has proceeded differently in each DNA across otherwise replication-blocking DNA structures have been recently described (Ohmori et al. 2001) . mouse group. This is best illustrated by a comparison of the expanding alleles of M. m. domesticus with the
The operation of such DNA polymerases could explain the high frequency of nucleotide substitutions observed alleles of M. spretus. The constant region of the M. m. domesticus alleles is very homogeneous, presumably bein the variable region of the murine involucrin gene. A high frequency of nucleotide substitutions in microsacause these alleles are of very recent origin. In contrast the variable region is highly polymorphic because it tellites has also been observed (Djian et al. 1996 ; Brohede and Ellegren 1999). has undergone recent expansion independently in each lineage. Although the M. spretus alleles are of ancient From previous analysis of the segment of repeats of the rat and of laboratory mice, there was clear evidence origin, as shown by the numerous divergences of their constant regions, their variable regions are virtually of a process in which a substitution at a nucleotide position in one repeat had spread to the corresponding identical. This shows that (1) repeat additions have stopped in the three M. spretus lineages and (2) a mechaposition in neighboring repeats. This was ascribed to gene conversion since the flanking markers were not nism preventing or correcting any nucleotide substitution and specifically targeted to the variable region has recombined. Gene conversion was restricted to the constant region and was suppressed in the variable region operated in M. spretus alone (Figures 2 and 5) . These examples show that repeat duplications and nucleotide of the expanding alleles of laboratory mice (Djian et al. 1993; Delhomme and Djian 2000 (Figures 2 and 4) . The involucrin genes of laboratory mice in relation alleles, but unlike any M. m. musculus allele (Figure 2 ). This suggests that when the ancestor of the DIK-L alleles to M. m. domesticus: We had previously reported the sequences of DBA, C57bl, BALB/c, and Swiss involucrin was introduced in the M. m. domesticus subspecies, its process of repeat addition came under the control of alleles (Delhomme and Djian 2000) . Comparison of these alleles with those of the strains derived from wild trans-acting factors specific to M. m. domesticus.
Nucleotide substitutions and repeat additions: In M. progenitors shows that the involucrin alleles of laboratory mice are closely related to M. m. domesticus alleles. m. domesticus, the process of repeat addition is associated with a high frequency of nucleotide substitutions. The However, none of the alleles of laboratory mice was found among the M. m. domesticus wild alleles. Laboravariable region of 22MO contains 7 ␦␣ blocks, which must have been generated by recent duplications of an tory mice have been separated from wild mice for Ͻ100 years, but during this time laboratory mice have been ancestral ␦␣ block. No two of the seven ␦␣ blocks are identical. In contrast, no recent nucleotide substitutions expanded to a very large population. The expanding alleles of Swiss mice show recent duplications of blocks are present in the constant region of 22MO, which is identical to that of other M. m. domesticus alleles, such of repeats (Delhomme and Djian 2000). It is conceivable that rapidly evolving genes, such as the involucrin as DIK-S and WLA. The high frequency of substitutions in the variable region explains why it contains so many gene, could have undergone appreciable evolutionary changes in the laboratory mice. Sequencing of the invovariant ␦ and ␣ repeats, whereas so few variant repeats are found in the constant regions of the M. musculus lucrin gene from frozen samples of early Swiss mice, if such samples were available, would permit us to deteralleles (Figures 3 and 4) . This high frequency of nucleotide substitutions further contributes to the rapid divermine whether this is the case. DBA, C57bl, and random-bred Swiss share the A 2 algence of the variable regions.
Repeat addition in the variable region is likely to lele (Figure 2 ). These three mouse strains have independent origins: DBA in 1909 from W. E. Castle at Harvard, result from out-of-register pairing between two alleles, which could occur by strand slippage during replication C57bl in 1921 from a dealer in Massachusetts, and Swiss
